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Abstract: Interactions between land and atmosphere directly influence hydrometeorological processes
and, therefore, the local climate. However, because of heterogeneity of vegetation covers these
feedbacks can change over small areas, becoming more complex. This study aims to define
how the interactions between soil moisture and vegetation covers influence soil temperatures in
very water-limited environments. In order to do that, soil water content and soil temperature
were continuously monitored with a frequency of 30 min over two and half hydrological years,
using capacitance and temperature sensors that were located in open grasslands and below tree
canopies. The study was carried out on three study areas located in drylands of Mediterranean
climate. Results highlighted the importance of soil moisture and vegetation cover in modifying
soil temperatures. During daytime and with low soil moisture conditions, daily maximum soil
temperatures were, on average, 7.1 ◦C lower below tree canopies than in the air, whereas they were
4.2 ◦C higher in grasslands than in the air. As soil wetness decreased, soil temperature increased,
although this effect was significantly weaker below tree canopies than in grasslands. Both high soil
water content and the effect of shading were reflected in a decrease of maximum soil temperatures
and of their daily amplitudes. Statistical analysis emphasized the influence of soil temperature on
soil water reduction, regardless of vegetation cover. If soil moisture deficits become more frequent
due to climate change, variations in soil temperature could increase, affecting hydrometeorological
processes and local climate.
Keywords: soil temperature; soil water; vegetation cover; hydrometeorology; ecohydrology
1. Introduction
Soil temperature is a key factor in determining energy and mass exchange with the atmosphere.
It strongly affects the water balance and ecohydrological processes, such as evapotranspiration
ratios and water uptake by plants. Conversely, soil water influences the energy balance and
hydrometeorological processes by determining the partition of available solar energy between latent
and sensible heat, both manifested as evaporated water and as heat of air and land, respectively [1].
Soil wetness and vegetation will determine the gradient of these energy fluxes. For example,
soil moisture deficits could lead to more frequent and severe hot summer temperatures [2]. Similarly,
variations in vegetation cover or changes in vegetation growth and renewal could modify feedbacks
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between the surface and the atmosphere and, therefore, the local climate [3]. Therefore, an appropriate
understanding of the relationships between hydrometeorological processes and vegetation covers
would enable better decision-making and could contribute to provide a more resilient environment.
The role of hydrometeorological processes could be particularly important in drylands of
Mediterranean regions, where the upcoming climate is expected to be warmer and drier [4].
Some environments included in these lands are the silvopastoral systems of California, Australia,
Chile or the Iberian Peninsula. They occupy important extensions of a human-made landscape
which is the consequence of long-term management, and result in an open woodland where scattered
evergreen trees play a critical role, both economically and environmentally [5]. Trees usually present
a canopy cover up to 40% [6], meaning that a large land surface is below their canopies. Because of this
vegetation distribution, hydrometeorological processes could present heterogeneous behavior since
they may change over small areas, i.e., between open grasslands and tree canopies [7]. For example,
spaces below tree canopies can show different microclimate and plant phenology than those from open
grasslands [8]. The ability to assess hydrometeorological processes across scales constitutes a challenge
due to the heterogeneity of the land surface and the complexity of the processes involved [9].
Vegetation covers influence the distribution of several variables above and below ground.
A consensus is that tree canopies modify water and energy balances below them by intercepting
rainfall and solar radiation. Thus, temperatures have usually been considered to be lower below tree
canopies than in grasslands in summer, and the opposite in winter [8,10–12]. Conversely, the influence
of vegetation cover on soil water content has been a more controversial issue since it has been
found to be lower under tree crowns than in grasslands in drylands and humid lands, although
opposite results have also been observed [13–16]. However, interactions between soil moisture and
soil temperature have been a less frequent topic, and existing studies have usually been carried out
under controlled laboratory conditions or without using continuous readings of the target variables.
For example, some studies have found inverse relationships between soil water content and daily
surface soil temperatures [17–20]. Despite this, few field studies have compared patterns of soil and
air temperatures using continuous and high-frequency measurements, and considering the combined
effect of soil moisture and vegetation covers [12].
The interactions between vegetation covers and hydrometeorological processes have been
receiving increased interest, nevertheless most of the studies come mainly from the climate modelling
community and have usually been focused at continental or global scale [7,21,22]. Likewise, techniques
based on spacecraft sensors constitute a very powerful approach to analyze these processes, although
the current coarse resolution could increase the uncertainty of measurements when the spatial
variability of environmental processes is large. For example, it has been observed that soil wetness
could reduce the daily temperature range (DTR) in semiarid regions by increasing the nighttime soil
temperature, so soil moisture would reduce the impact of daily evaporative cooling by reducing
nocturnal cooling [23]. However, it has also been hypothesized that the reduction of soil moisture
and vegetation cover would decrease the diurnal temperature range during episodes of drought
and human mismanagement by increasing nighttime surface air temperature [24]. These conflicting
results provide evidence that the combined effect of soil moisture and vegetation covers on soil
temperatures is not completely understood, and emphasize the necessity to develop studies using
more accurate measurements in order to capture the spatial variability occurring between vegetation
covers, i.e., in grasslands and under tree crowns.
The focus of this work was, therefore, to define the combined effect of soil moisture and vegetation
covers on soil temperatures in dryland ecosystems, in order to understand the complexity of involved
feedbacks and overcome the scarcity of field observations for characterizing the relevant processes in
these water-sensitive areas. Thus, the following questions were addressed: (I) How does the interaction
between soil moisture and different vegetation covers affect the relationships between soil temperature
and air temperature? (II) What are the main factors affecting soil drying under different vegetation
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covers? An understanding of the relationships between these variables could help to explain the
feedback between soil water and temperature.
2. Study Areas
The study was conducted in three study areas of the SW of the Iberian Peninsula: Cuartos,
Naranjero, and Parapuños (Figure 1). They are representative of a human-made agrosilvopastoral
system called dehesa and constitute semi-natural ecosystems composed of scattered evergreen trees
and grasslands regularly grazed by livestock. These ecosystems have important sustainability issues,
particularly related to tree decline and renewal [25].
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and continental influences, comprising semiarid to dry sub-humid conditions. 
There are three different vegetation layers (tree, shrub, and grassland) that present different 
densities and combinations. Predominant trees are mainly holm oaks (Quercus ilex L.), which present 
a density of 19, 34, and 68 trees/ha and a canopy cover of 13%, 16%, and 38% in Cuartos, Parapuños, 
and Naranjero, respectively [13]. The observed leaf area index in these ecosystems was 3.25 [26]. 
Ranchers frequently take out the shrub layer to promote herbaceous growth as resource for livestock. 
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abounding annual grasses (such as Vulpia bromoides L. Gray, Bromus sp. or Aira caryophyllea L.) and 
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growth period follows an approximately sigmoidal curve, starting in autumn and decaying in late 
spring [27], while summer constitutes a non-vegetative period. 
Soils are shallow (≈40 cm), poor in nutrients and have variable organic matter content (±3%), 
except in the uppermost soil layer below tree covers. They show a high bulk density (≈1.5 g/cm3) 
although topsoil can present higher porosity (≈45%) because of concentration of roots of herbaceous 
plants [28]. They are classified as Cambisols, Luvisols, and Leptosols. 
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Soils are shallow (≈40 cm), poor in nutrients and have variable organic matter content (±3%),
except in the uppermost soil layer below tree covers. They show a high bulk density (≈1.5 g/cm3)
although topsoil can present higher porosity (≈45%) because of concentration of roots of herbaceous
plants [28]. They are classified as Cambisols, Luvisols, and Leptosols.
3. Material and Methods
3.1. Soil Water and Soil Temperature Measurements
Soil moisture (m3/m3) and soil temperature (◦C) were measured by means of capacitive sensors
and temperature sensors, respectively (Decagon Devices, Inc., Washington, DC, USA, models EC-5
and EC-T). They were continuously registered with a frequency of 30 min. Soil temperature was
always measured at 5 cm depth, whereas soil moisture was monitored at 5, 10, and 15 cm, and a fourth
measurement was taken at 5 cm above the bedrock depending on soil thickness. The sensors were
gathered in Soil Moisture Stations (SMS) in two contrasting situations characterized by their vegetation
covers: open spaces (Grassland) and below tree canopies (Tree). In order to avoid soil ponding,
SMS in grasslands were positioned between hilltops and valley bottoms. Besides, below tree canopies,
SMS were also installed with a southwest orientation and midway between the tree trunk and the
limit of the crown. The terrain slopes in both situations were always lower than 4.4◦ [13]. Sensors
were calibrated in the laboratory in order to improve their accuracy from ±4% to ±2% [29]. For this,
a soil wetting processes was applied using soil samples from each study area and following the method
proposed by Cobos and Chambers [29] for standard mineral soils. Soil temperature and moisture
were measured over more than two complete hydrological years, from 1 April 2010 to 31 August 2012
(a hydrological year spanning from 1 September to 31 August). The SMS were distributed among the
three study areas as shown in Table 1.
Table 1. Soil Moisture Stations (SMS) with the location and the symbols used to identify them.
Study Area Vegetation Cover SMS Symbol
Cuartos (C)
Grassland (G) 1 CG1
Tree (T) 1 CT1
Parapuños (P) Grassland (G) 1, 2, 3 PG1, PG2, PG3
Tree (T) 1 PT1
Naranjero (N) Grassland (G) 1 NG1
Tree (T) 1 NT1
3.2. Determining Soil Properties and Meteorological Variables
The experimental catchment of Parapuños is equipped with a meteorological station which has
continuously registered precipitation, air temperature, relative humidity, wind velocity, as well as
global and net radiation with a frequency of 5 min from the year 2000. Precipitation and air temperature
were also continuously monitored in Naranjero and Cuartos every 5 min during the study period
(by means of HOBO Data Logging Rain Gauge, models RG3). Relative humidity, wind velocity and
global radiation were monitored in both study areas by meteorological stations close to them (<10 km).
They belong to a regional network of meteorological stations (Redarex) which continuously register
with a resolution of 30 min.
Soil properties were determined for each sensor depth in all soil moisture stations (Table 2).
Total porosity was calculated using bulk density values, which were determined using three replicates
of undisturbed samples of ≈100 cm3. Soil organic matter was determined by standard methods [30]
and grain size distribution following the USDA classification [31]. Soil properties values between
5 and 15 cm depth were calculated as an average between the three sampled depths corresponding to
the soil surface (Table 2).
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Table 2. Soil properties in each soil moisture station (SMS).
SMS Soil Depth (cm) Clay (%) Silt (%) Sand (%) OM (%) Porosity (%) BD (g/cm3)
CG1 Epileptic Cambisol
5–15 9.3 49.6 41.2 2.3 43.2 1.50
30 14.1 50.0 35.9 1.3 39.0 1.62
CT1 Epileptic Cambisol
5–15 10.3 53.4 36.2 1.3 41.6 1.55
30 13.9 54.9 31.2 0.2 42.9 1.51
PG1 Chromic Luvisol
5–15 10.1 42.1 47.9 0.8 38.5 1.63
45 64.0 24.2 11.9 0.0 41.5 1.55
PG2 Chromic Luvisol
5–15 6.6 46.5 46.8 1.5 38.3 1.64
40 n.a n.a n.a n.a 50.5 1.31
PG3 Epileptic Cambisol
5–15 9.5 56.0 34.5 2.2 46.5 1.42
30 13.1 59.2 27.7 1.0 39.1 1.61
PT1 * Distric Leptosol 5–15 7.1 51.3 40.5 3.8 45.2 1.50
NG1 Distric Cambisol
5–15 6.2 51.6 42.3 3.7 42.0 1.54
35 14.3 50.6 35.1 0.9 32.1 1.80
NT1 Distric Leptosol
5–15 4.8 47.5 47.8 3.2 52.4 1.26
20 8.4 47.4 44.2 1.5 45.2 1.45
OM = Organic Matter; BD = Bulk Density; n.a = not available. * SMS with the fourth soil moisture sensor installed
at 15 cm due to the shallowness of the soil profile. Soil type was described by FAO method [32].
3.3. Determining the Influence of Vegetation Covers and Soil Moisture on Soil Temperature
To determine the influence of soil water content on soil temperature, four different soil moisture
states were defined: wet, medium wet (MW), medium dry (MD), and dry. For this, daily averages
of soil moisture between the two upper sensors of each SMS were calculated and then, the average
plus-minus one standard deviation method was used for each SMS, such as already applied in previous
studies [13].
The combined effect of vegetation covers and soil moisture on temperatures was analyzed by
daily variations of the temperature wave at 30 min intervals in soils and air. Because variations of
mean temperatures can be due to changes in either maximum or minimum temperature, or relative
changes in both, these latter could provide more information than the mean alone [33]. For this reason,
several properties of the daily temperature wave were individually defined for each SMS and for the
air: daily peaks of maximum and minimum temperatures, time of peaks, daily temperature range
(i.e., amplitude between daily peaks), and time lag to reach the temperature peaks between air and soil
(Figure 2).
Finally, to determine if significant differences in soil temperatures were found between vegetation
covers and soil moisture states, the t-test statistical test was applied for each soil moisture state grouped
by vegetation cover. Before, a normal distribution test was applied by the Shapiro–Wilk statistical test.
Analyses were carried out by Statistica 8.0 software.
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3.4. Determining the Importance of Factors Involved in Soil Water Decrease
3.4.1. Database Processing
To determine the importance of factors implied in the decreases of soil water in different vegetation
covers, aily variations of s il moisture were calculated for each SMS by:
∆θ = θn − θn−1 (1)
where ∆θ is the daily variati f s il i t , 1 are soil moisture at day n and soil moisture
the day before, respectively. Soil moisture on a daily scale was calculated using the daily mean of the
two upper sensors of each SMS. Finally, soil ater i creases er r f t t .
Additionally, as soil moisture can also decrease by vertical drainage or evapotranspiration
proce ses, two procedures were considered. On the one hand, soil water retention curves were
determined for each SMS by a drying proce s based on sand and kaolin boxes and the Richards plate.
For this, 70 undisturbed soil samples that were taken at the depth at which the sensors were placed
were used. When some points of the curves w re not able to be alculated because of the difficulty
in taking out oil samples, they were es imated by hierarchical pedotransfer function . These latter
used soil texture, organic matter, bulk density, and po ential suction data, such as has already b en
described in previous studies [34]. Then, both measured and estimated points were adjusted by the
van odel [35], com only used to determine unsatur ted soil hydraulic properties. Finally,
o ly soil moisture val es for sucti n from −33 kPa to the l west pot ntials were sel cted. This is
justified because water at suctions from 0 kPa to −33 kPa is suppo ed to b freely d aine by gravity
as larger po es cannot hold i [36]. On the other hand, the variables used to estimate the reference
vapotranspira io by the FAO–Penman Monteith method [37] were separately used on a daily scale
and for every site.
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3.4.2. Modelling Factors that Influence Soil Water Decrease
To determine the importance of factors implied in soil water decrease under different vegetation
covers, the Multivariate Adaptive Regression Splines (MARS) modeling technique [38] was used to
generate two models, one for grasslands and another for below tree canopies. Thus, soil moisture was
used as a target variable, whereas five variables related to the energy balance and hydrometeorological
factors were used as independent continuous predictors. These latter were: air temperature,
solar radiation, relative humidity, wind velocity, and soil temperature.
In order to test the models, the original databases of soil water decrease, one for grasslands
(n = 2798) and the other for below tree canopies (n = 1202), were separated into two aleatory
independent databases, respectively. For running the models the first databases were used (75% of
data) and for validating them the second ones (25% of data). Irrespective of the size of these latter,
independent databases, they showed similar statistical properties to those used for training the models
(Table 3). The importance of the independent variables was evaluated as has already been described in
previous studies [39]. The resulting equations obtained by this data mining method were not applied
in other environments, but they were used with the explicit aim of determining the importance of the
factors involved in soil water decreases in both vegetation covers of these ecosystems.
Table 3. Statistical summary of training and test databases for soil water decrease (m3/m3).
Cover Database n Mean Median SD Max Min
Grassland
Training 2239 0.178 0.156 0.082 0.350 0.060
Test 559 0.167 0.146 0.075 0.349 0.064
Tree
Training 962 0.167 0.155 0.076 0.351 0.032
Test 240 0.165 0.149 0.084 0.358 0.033
n = sample size; SD = Standard deviation; Max and Min = maximum and minimum, respectively.
4. Results
4.1. Effects of Vegetation Covers and Soil Moisture on Soil Temperatures
The daily cycle of soil temperatures was mainly explained by heating and cooling during the day
and night, respectively (Figure 3). However, factors such as soil moisture and vegetation cover strongly
affected the daily temperature cycle. Soil temperature decreased as soil wetness increased, although
this effect was weaker and significantly different in soils below tree canopies than those in grasslands,
regardless of soil moisture conditions becoming wetter or drier (Table 4). Additionally, the daily
amplitude of soil temperatures increased from wetter to drier soil moisture conditions, and this range
was usually more reduced below tree canopies than in grasslands (Figure 4). Thus, both low soil water
content and the absence of shading were reflected in an increase of the daily amplitude (Figure 4).
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Cover
Dry MD MW Wet
Mean SD Mean SD Mean SD ean SD
Grasslands 29.4 * 4.5 * 21.7 * 3.6 * 13.7 * 2.4 * 9.5 * 1.7 *
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The influence of vegetation covers and soil moisture on soil te per t r s s also reflected in the
daily peaks of soil temperature and on the time lag between soils and air to reach these peaks (Figure 5).
During daytime, daily peaks of maximum soil temperature under dry soil moisture conditions were,
on average, 7.1 ◦C lower below tree canopies than in the air, whereas they were 4.2 ◦C higher in soils
of grasslands than in the air (Figure 5 (1.A)). Nevertheless, soil wetness decreased these differences in
both vegetation covers. Daily peaks of maximum soil temperatures were reached, on average, 90 min
later below tree canopies than in the air, whereas these peaks were reached approximately at the same
time in soils of grassla ds than in the air (Figure 5 (2.A)). On the ther hand, during ight-time and
under dry soil moisture conditions, daily peak of minimum s il emperature were alw ys higher in
grasslands (6.3 ◦C) and below tree canopies (3.2 ◦C) than in the air (Figure 5 (1.B)). However, in this
case soil wetness only decreased these differences in grasslands. Finally, daily peaks of minimum soil
temperature were reached, on average, more than 100 min later in both vegetation covers than in the
air, and the time lag between soils and air increased with soil wetness (Figure 5 (2.B)).
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4.2. Factors Influencing the Decrease of Soil Water
The quality fit presented by the two models obtained to explain the variables influencing soil water
decreases was good. Coefficients of determinations were 0.73 and 0.71 in both cases (Figure 6). Models
showed a good performance with low error for grasslands and tree, respectively (0.001 and 0.003),
confirming the ability of this modelling technique to discriminate the most important variables to
explain soil water decreases in soils of two vegetation covers.
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Relative humidity was also important in both cases (36.5% in grasslands and 20.8% in tree), whereas
solar radiation and wind velocity showed lower importance in the two models.
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5. Discussion
The daily cycle of air and soil temperatures (both in grasslands and below tree canopies) was
mainly due to heating and cooling during the day and night, respectively. However, factors such as
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soil moisture and vegetation cover produced significant variations on the daily temperature cycle
(Figure 5).
Soil water showed a very strong effect on soil temperatures, given that wet soils were prone to be
colder than dry soils (Table 4). Likewise, daily amplitude of soil temperatures was also smaller under
wet soil conditions than under drier ones (Figure 4), regardless of vegetation covers. Connections
between soil moisture and soil temperature have also been observed in several studies [18–20],
which asserted that during soil drying the surface temperature shows an increase that corresponds
to a decrease in soil moisture, which coincides with our results. Indeed, soil temperatures played
a key role on soil water decrease in both vegetation covers (Figure 7). When solar energy reaches the
surface, it can be returned to the atmosphere or be partitioned into latent and sensible heat fluxes, both
manifested as evaporated water and as heat of air and land, respectively. Consequently, an increase of
soil temperature could be reflected in an increase of potential evapotranspiration and the subsequent
decrease of soil water content (Table 4).
The moderation of soil temperatures by soil wetness has been explained by water properties,
such as its high specific heat capacity and its high thermal conductivity. Thus, when soil moisture
increases, more heat energy input for raising the soil temperature is required, since water has a higher
specific heat capacity than soil materials [40]. Similarly, soils close to saturation can transport heat
downward through water more quickly and, therefore, without significantly warming the upper soil
layers [41]. Additionally, evapotranspiration processes from wet soils use energy that might otherwise
be used to heat the soil surface [2]. With progressive drying, the air increasingly occupies the porous
system and the soil warms up faster than a wet soil (Table 4), since less energy is required to change
the soil temperature when it is dry [17,41].
The interactions between soil temperature and soil moisture could become more critical in dryland
regions as compared to wetter ones, since low soil moisture limits the total energy used for cooling by
latent heat fluxes, so more energy is available for increasing the soil and air temperature by sensible
heating [2,42]. This could explain the observed influence of relative humidity on soil water decrease
(Figure 7). Because of the soil-atmosphere water exchange is mainly controlled by atmospheric demand
for water vapor, the influence of relative humidity on soil water decrease reduces as atmospheric water
increases. Similar observations have mainly been found in modelling studies. For example, in areas
with high soil moisture, latent heat fluxes by evapotranspiration dominate over sensible heat fluxes,
enhancing the formation of clouds and the tendency to atmospheric cooling [23]. By contrast, if a long
soil moisture deficit occurs, the atmospheric pressure deficit will increase and the sensible heat fluxes
will be dominant, resulting in a warmer atmosphere that could inhibit the formation of clouds by
convection and create a positive feedback loop [3,43]. This fact could be reflected in an intensification
or lengthening of extreme climate events, as has been described in some studies [2,44], which have
observed that feedbacks between land-atmosphere played a key role in the development of heatwaves
in some regions of Europe. The importance of the results found here become more relevant because it
has been observed that in the studied ecosystems dry periods can be independent of seasonality, i.e.,
they can arise in any climatic season [13], so if soil moisture deficits become more frequent, local climate
could be affected.
Despite this, the type of vegetation cover also affected the energy reaching soils, incrementing the
complexity of the aforementioned processes. For example, the protective effect of vegetation cover
against direct solar radiation was not only reflected in lower soil temperature amplitudes below tree
canopies than beyond them, but also because soils below canopies reached the daily peak of maximum
temperature later than those in grasslands (Figure 5). The effect of tree canopies on temperatures below
them has also been highlighted in several studies. For example, some of them have observed that
the mean temperature ranges were smaller below tree canopies than in the air beyond them, whereas
other studies have found similar results but only for mid and low latitudes [12,45]. Nevertheless,
most of the studies addressing this topic emphasize the critical role of trees to modify water and energy
balances and their influence on ecological processes. For example, many of them have suggested that
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phenological patterns could respond to microclimate modifications below tree canopies, which could
partially explain the spatio-temporal variations on biomass yield and tree-grassland differences on
ecohydrological processes [27,46,47]. Therefore, our results could become more significant because
the studied environments present a great land surface below their tree crowns, since they can present
a canopy cover up to 40%.
The feedbacks between vegetation covers, soil water content, and soil temperatures can Longer
soil moisture deficits could increase the daily peaks of maximum soil temperatures and their
amplitudes, although this effect slightly differs between vegetation covers. This could result in
a warmer atmosphere, which could affect local climate conditions. If dry episodes become recurrent
due to a likely climate change, ecosystem functioning, as well as their economic resources could
be compromised.
6. Conclusions
Interactions between soil water and vegetation covers directly affected hydrometeorological
processes, given that wet soils were prone to be colder than dry soils. Under this latter soil state,
maximum soil temperatures were both lower below tree canopies and higher in grasslands than
in the air. Nevertheless, these differences decreased in both vegetation covers as soil wetness
increased. Conversely, minimum soil temperatures were higher in both vegetation covers than in the
air, regardless of soil moisture conditions. Thus, both low soil water content and absence of shading
were reflected in an increase of maximum soil temperatures and of their daily variability.
Modelling analysis proved that soil temperatures played a key role on soil moisture decrease of
both vegetation covers, since an increase of soil temperature was reflected in a decrease of soil water
content. The influence of relative humidity on soil water decrease was reduced as atmospheric water
increased. This could presumably occur because soil-atmosphere water exchange is mainly controlled
by atmospheric demand for water vapor.
Relationships between soil moisture and vegetation covers can modify hydrometeorological
processes, which could affect ecosystem function. If soil moisture deficits become longer and more
frequent due to climate change, daily temperature variations of soil temperature could increase,
which could impact on local climate. These results suggest that more research should be carried out
to quantify the feedbacks between land and atmosphere, in order to contribute to the standard of
long-term weather forecasts, including a likely increase of droughts.
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